tors (17). The resulting density matrix has only positive eigenvalues, and hence it represents a physically possible state. Its fidelity with respect to the expected Bell state, |Y -〉 from Eq. 2, is F = 86.0(4)%, with 0.5 < F ≤ 1 proving entanglement (18). From the density matrix, following (16), we derive a concurrence of C = 0.73(7), with 0 < C ≤ 1 also proving entanglement. Because of technical imperfections, e.g., of polarizers in the detection setups, the observed fidelity/concurrence sets a lower bound for both the atom-photon and photon-photon entanglement achieved. The same measurements were done for B = −0.13 G and t S = 2.8 ms for which the atomic superposition state accumulates a p phase shift (compare to Fig. 3 ). Therefore, a density matrix corresponding to the Bell state
Porous Semiconducting Gels and Aerogels from Chalcogenide Clusters
Santanu Bag, 1, 2 Pantelis N. Trikalitis, 2 * Peter J. Chupas, 3 Gerasimos S. Armatas, 1,2 Mercouri G. Kanatzidis 1,2,4 † Inorganic porous materials are being developed for use as molecular sieves, ion exchangers, and catalysts, but most are oxides. We show that various sulfide and selenide clusters, when bound to metal ions, yield gels having porous frameworks. These gels are transformed to aerogels after supercritical drying with carbon dioxide. The aerogels have high internal surface area (up to 327 square meters per gram) and broad pore size distribution, depending on the precursors used. The pores of these sulfide and selenide materials preferentially absorb heavy metals. These materials have narrow energy gaps (between 0.2 and 2.0 electron volts) and low densities, and they may be useful in optoelectronics, as photocatalysts, or in the removal of heavy metals from water.
I norganic porous materials are at the foundation of broad applications such as molecular sieves, ion exchangers, and catalysts (1, 2) . Zeolites and aluminosilicate mesoporous materials constitute the vast majority of this class. Aerogels are another kind of porous inorganic amorphous polymer in which nanosized blocks are interconnected to yield high internal surface area, very low densities, and large open pores (3, 4) . Although the sol-gel chemistry of oxidebased materials (e.g., SiO 2 , Al 2 O 3 , TiO 2 ) and carbon (5) is well known, successful attempts to apply this approach to non-oxide-based systems are quite rare, especially for chalcogenides. Such systems would be capable of combining the electronic properties of chalco- genides with internal porosity. Aerogels based on aggregated simple binary nanocrystals (e.g., CdS, CdSe) and on amorphous GeS 2 have been reported (6, 7).
We report on a strategy to create highly porous semiconducting aerogels derived from chalcogenide-based clusters and platinum as the linking metal ion (8) 4-(M = Ge, Sn; Q = S, Se) building blocks (Fig. 1A) -ions, used as counterions in the synthesis, were not detected in the product-a result consistent with complete metathesis. This linking/ polymerization reaction produced a continuous, extended Pt/M/Q framework of covalently bonded atoms that encapsulates solvent molecules into their pore system during the process of polymerization and finally makes hydrogels (fig. S1, A to C). Because the gels formed are based on all-chalcogenide species, we term these hydrogels "chalcogels" by analogy to the naming of cyanogels (9) . Table 1 lists the six chalcogels we developed and the Zintl anion incorporated in each case.
After supercritical drying with CO 2 , these chalcogels yield highly porous aerogels (Fig. 1 , B and C) (10) . All samples showed consistent Pt/M/Q (M = Ge, Sn; Q = S, Se) ratios very close to those in the starting clusters. However, slight discrepancies were observed for Chalcogel-3 and Chalcogel-6, which might be due to solution equilibrium processes.
Transmission electron microscopy (TEM) images of our aerogel samples revealed empty mesopores with no long-range order (Fig. 2 , A to C). Indeed, they appear to be morphologically similar to the silica aerogels where particles are connected to each other, making continuous amorphous (Fig. 2D ) networks. The microand mesoporosity were confirmed by nitrogen physisorption measurements. The adsorptiondesorption isotherms show a type IV adsorption branch with a combination of H1-and H3-type hysteresis loops characteristic of an interconnected mesoporous system ( Fig. 3) (11) . This indicates that the mesopores have cylindrical and slit-shaped geometries. Pore size distribution plots calculated by the Barrett-Joynes-Halenda fig. S1, D and E) . Additionally, the absence of saturation in the adsorption isotherm implies the simultaneous presence of macropores (pore diameter >50 nm) in the samples, which would be consistent with the aerogel nature of these chalcogenides. Brunauer-Emmett-Teller (BET) surface areas obtained from the aerogels range from 108 to 327 m 2 /g, depending on the chalcogenido cluster ( Table 2 Table 2 ). Values for silica aerogels range from 100 to 1600 m 2 /g and typical values are 600 m 2 /g. The bulk density of these chalcogels is very low; for example, Chalcogel-1 showed 0.12 to 0.17 g/cm 3 with a skeletal density of 3.1 g/cm 3 . To probe the local structure of the amorphous aerogels, we used the atomic pair distribution function (PDF) (13) technique, which analyzes both diffuse and Bragg scattering by recovering atom-atom correlations in real space in the form of a radial distribution function. A single correlation occurring at 2.36 Å is evident in the PDF of Chalcogel-1 (Fig. 4A) , corresponding to the first-neighbor Ge-S and Pt-S bond distances. A clustering of correlations is evident around 3.52 Å, which corresponds to the secondneighbor Ge•••Ge, S•••S, and Pt•••Ge distances. The PDF of Chalcogel-2 is remarkably similar to that of Chalcogel-1, although it exhibits a shift in correlations to longer interatomic distances r as a result of the larger atomic radius of Se versus S. Again a single correlation is evident in the PDF of Chalcogel-2 at 2.49 Å (Ge-Se and Pt-Se bond distances), and several appear centered around 3.75 Å. The higher intensity of the first correlation in Chalcogel-2 arises from the larger scattering factor of Se over that of S. Both PDFs show a lack of well-defined features past 6 Å that suggests a lack of long-range translational symmetry. However, a well-defined local structure is evident from the PDF and clearly shows that the adamantane clusters remain intact. The splitting of the correlations (3.52 Å and 3.75 Å) is likely due to subtle distortions, arising from linking of the adamantane clusters, that ultimately disrupt the long-range translational symmetry. The PDF data, together with the complete metathesis chemistry, elemental analysis, and x-ray photoelectron spectroscopy (XPS) ( fig. S2) , suggest a nonperiodic structure of the type shown in Fig. 4B . Further support for the integrity of the starting clusters in the final aerogels was provided by nuclear magnetic resonance (NMR) (fig. S3) , electrospray ionization mass spectroscopy (ESI-MS) (fig. S4), and infrared spectroscopy (fig. S5) .
The chalcogels showed a remarkably high capacity for removing heavy metals from contaminated water. For example, starting with water Fig. 3 . Nitrogen adsorption-desorption isotherms of (A) Chalcogel-1 and (B) Chalcogel-2 at 77 K (solid circles, adsorption data; open circles, desorption data). Samples were degassed overnight at 348 K before testing. †Single-point adsorption total pore volume was calculated at relative pressure (P/P 0 ) of 0.97. (14) . Whereas mesoporous silicates need to be functionalized with surface-modified thiolate ligands before application toward environmental remediation (15) , the chalcogels work directly as potential adsorbents for Hg 2+ (16) without prior modification of their surface. The detailed mechanism of metal ion removal is not known.
The chalcogels also efficiently absorb organic hydrophobic aromatic molecules from solution. In contrast to the unmodified silica aerogelswhich generally have hydrophilic surfaces and tend to be unstable under a humid atmospherethe chalcogels present hydrophobic surfaces lined with chalcogen atoms and are immune to high humidity (17) . Thermal gravimetric analysis indicates that the aerogels are stable to 180°C ( fig. S6) . As a demonstration of its high affinity for hydrophobic species, Chalcogel-1 absorbed quantitatively all of porphyrin I from a 5.67 mmol/liter ethanolic solution within 24 hours (30 mg of Chalcogel-1 was shaken continuously in 16 ml of the porphyrin solution).
The chalcogels absorb light in the visible and infrared regions, exhibiting sharp energy gaps from 2.0 eV to 0.8 eV (Table 1) as determined by diffuse-reflectance solid-state ultraviolet-visible/ near-infrared spectroscopy (Fig. 4C) . Only Chalcogel-5 gave a broad absorption with a band gap of 0.2 eV. The optical properties of the highly porous semiconducting aerogels can be tuned by changing the building block. Going from the S to the Se analogs of the adamantane cluster, the energy gap decreases as expected. Also, by changing the group IV metal in the cluster from Ge to Sn, the energy gap is decreased by 0.3 eV. Similarly, the band gap can also be changed by varying the chalcogenide content per metal in the starting clusters. This is well reflected in the observed band gaps of Chalcogel-3, -4, and -5, where the Se content per Sn atom is increased gradually and shows a narrowing of the energy gap.
Given that it is difficult to remove surfactants from mesostructured chalcogenide materials (18) (19) (20) (21) (22) , the strategy reported here represents a convenient and general route for making porous materials with chalcogenide-based clusters. Because of the availability of a large number of soluble chalcogenido clusters, together with various linking transition and main-group metal ions, our approach seems to offer a general technique for preparing broad classes of porous chalcogenides.
Stabilization of Labile Carbonyl Addition Intermediates by a Synthetic Receptor
Tetsuo Iwasawa, Richard J. Hooley, Julius Rebek Jr.* Products of unfavorable chemical equilibria are not readily observed because their high energy and increased reactivity result in low concentrations. Biological macromolecules use binding forces to access unfavorable equilibria and stabilize reactive intermediates by isolating them from the medium. In a similar vein, we describe here a synthetic receptor that allows direct observation of labile tetrahedral intermediates: hemiaminals formed in the reaction of an aldehyde carbonyl group with amines. The receptor encapsulates alkyl-substituted primary amines, then orients them toward a covalently tethered aldehyde function. The hemiaminal intermediates appear at high concentration, confined from the bulk solution and observable at ambient temperature by conventional nuclear magnetic resonance spectroscopy. C hemical reactions often proceed through many intermediate stages between starting materials and products. The reactive intermediates at such stages are generally not observed directly, because their concentrations are vanishingly small, but are treated through steady-state approximations and detected by kinetic or other methods (1, 2) . The reaction of carbonyl compounds with nucleophiles invariably involves an addition step that gives an unstable tetrahedral carbon intermediate followed by an elimination step. For example, the reaction of primary amines with aldehydes to give imines ( Fig. 1) proceeds through an intermediate hemiaminal (3) . The process is catalyzed by acids or bases, and the proton transfers involved generate additional transient, charged intermediates. The hemiaminal is, except in very special cases (4-6), not observed. It is energetically disfavored, because the cost of breaking the carbonyl p bond and the entropic price of bringing the two reactants together are not compensated by the new covalent bonds formed. Accordingly, the unstable hemiaminal dissociates to starting materials or proceeds to imine with loss of water. We tailored a molecular receptor to favor formation of this intermediate and found that the hemiaminal was stabilized for minutes to hours, long
